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ABSTRACT

Influenza A(H3N2) viruses became widespread in humans during the 1968 H3N2 virus pandemic and have been a major cause of
influenza epidemics ever since. These viruses evolve continuously by reassortment and genomic evolution. Antigenic drift is the
cause for the need to update influenza vaccines frequently. Using two data sets that span the entire period of circulation of hu-
man influenza A(H3N2) viruses, it was shown that influenza A(H3N2) virus evolution can be mapped to 13 antigenic clusters.
Here we analyzed the full genomes of 286 influenza A(H3N2) viruses from these two data sets to investigate the genomic evolu-
tion and reassortment patterns. Numerous reassortment events were found, scattered over the entire period of virus circulation,
but most prominently in viruses circulating between 1991 and 1998. Some of these reassortment events persisted over time, and
one of these coincided with an antigenic cluster transition. Furthermore, selection pressures and nucleotide and amino acid sub-
stitution rates of all proteins were studied, including those of the recently discovered PB1-N40, PA-X, PA-N155, and PA-N182
proteins. Rates of nucleotide and amino acid substitutions were most pronounced for the hemagglutinin, neuraminidase, and
PB1-F2 proteins. Selection pressures were highest in hemagglutinin, neuraminidase, matrix 1, and nonstructural protein 1. This
study of genotype in relation to antigenic phenotype throughout the period of circulation of human influenza A(H3N2) viruses
leads to a better understanding of the evolution of these viruses.

IMPORTANCE

Each winter, influenza virus infects approximately 5 to 15% of the world’s population, resulting in significant morbidity and
mortality. Influenza A(H3N2) viruses evolve continuously by reassortment and genomic evolution. This leads to changes in anti-
genic recognition (antigenic drift) which make it necessary to update vaccines against influenza A(H3N2) viruses frequently. In
this study, the relationship of genetic evolution to antigenic change spanning the entire period of A(H3N2) virus circulation was
studied for the first time. The results presented in this study contribute to a better understanding of genetic evolution in correla-
tion with antigenic evolution of influenza A(H3N2) viruses.

I nfluenza A viruses are members of the Orthomyxoviridae family,
which comprises enveloped, negative-sense, single-stranded
RNA viruses containing a genome divided over eight segments.
The eight segments include basic polymerase 2 (PB2), basic poly-
merase 1 (PB1), acidic polymerase (PA), hemagglutinin (HA),
nucleoprotein (NP), neuraminidase (NA), matrix (M), and non-
structural protein (NS).

The segmented nature of the genome allows for the exchange
of entire genes between different influenza viruses during simul-
taneous infection of a host, in a process called reassortment. In-
tersubtypic reassortments between swine, avian, and/or human
influenza A viruses have led to several pandemics. These pan-
demic viruses later became established as seasonal influenza vi-
ruses causing annual epidemics. Influenza virus type A is subdi-
vided based on the antigenic properties of the major surface
glycoproteins: HA and NA. To date, 17 HA (1,2) and 10 NA (3, 4)
subtypes have been found in nature.

The 1957 H2N2 influenza pandemic emerged as a consequence
of reassortment between the then circulating seasonal influenza
A(HIN1) virus and an avian influenza A(H2N2) virus (5). The
A(H2N2) virus caused annual epidemics until the 1968 H3N2
influenza pandemic emerged. This pandemic was the result of
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reassortment of a human A(H2N2) virus with an avian influenza
A(H3N2) virus (5). A(H3N2) viruses have been a major cause of
influenza epidemics ever since, with significant morbidity and
mortality (6, 7). A(H2N2) and A(H3N2) viruses cocirculated until
1971 (8), after which A(H2N2) viruses became extinct in the hu-
man population.

Reassortment between influenza viruses of the same subtype
(intrasubtypic reassortment), together with genomic evolution, is
presumably one of many ways for the virus to increase diversity
(9-11), shaping the short-term evolution of influenza A viruses
(9). Mutations in the major surface glycoproteins (HA and NA)
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resulting from antibody pressure, in a process known as antigenic
drift (12), increase diversity but, more importantly, are a way for
the virus to effectively evade the host’s immune system.

In 2004, Smith et al. mapped the antigenic evolution of the HA
proteins of A(H3N2) viruses from their introduction in 1968 until
2003 (13). Their study was based on an extensive data set of
A(H3N2) virus isolates obtained from each consecutive influenza
season. The study revealed 11 antigenic clusters, named after the
first vaccine strain of each cluster: A/Hong Kong/1/1968 (HK68),
A/England/42/1972 (EN72), A/Victoria/3/1975 (V175), A/Texas/
1/1977 (TX77), A/Bangkok/1/1979 (BK79), A/Sichuan/2/1987
(SI187), A/Beijing/353/1989 (BE89), A/Beijing/32/1992 (BE92),
A/Wuhan/359/1995 (WU95), A/Sydney/5/1997 (SY97), and
A/Fujian/411/2002 (FU02). Each of these antigenic clusters con-
tains viruses that are antigenically similar for some time, after
which a “cluster transition” warrants a vaccine update. Recently,
two additional major antigenic clusters were described by de Jong
et al.: A/California/7/2004 (CA04) and A/Perth/16/2009 (PE09)
(14).

Genetic analysis of the NA and HA1 proteins of A(H3N2) vi-
ruses from these two studies revealed a large number of reassort-
ment events and an asynchronous and slightly slower evolution of
NA than that of HA1 (15). Here we extended this analysis to the
full genome. In total, 284 full A(H3N2) virus genomes, compris-
ing viruses described by Smith et al. (13) and de Jong et al. (14),
were submitted to GenBank. In addition, two vaccine/reference
strains from GenBank were included in our data set, resulting in
286 full genomes spanning more than 40 years of A(H3N2) virus
evolution. These full genomes were analyzed with a focus on re-
assortment, rates of evolutionary change, and selection pressures
of the eight segments and 15 proteins. The results presented in this
study contribute to a better understanding of the complex evolu-
tion of A(H3N2) viruses.

MATERIALS AND METHODS

Viruses. A total of 284 A(H3N2) viruses isolated between 1968 and 2011
(13-15) were subjected to full-genome sequencing. Viruses were propa-
gated as described previously (15), and full-genome sequencing was per-
formed as described previously (15) or by the J. Craig Venter Institute
(JCVI). Sequences of two of the vaccine strains that were included in this
study were retrieved from GenBank, as well as a number of sequences
from segments that were not fully sequenced.

Of the 284 A(H3N2) viruses, 281 viruses were sequenced at JCVI. Viral
RNA was purified using a Zymo Research Corporation 96 Viral RNA kit, and
the complete genome was simultaneously amplified from 3 pl of purified
RNA by using a multisegment reverse transcription-PCR (M-RTPCR) strat-
egy (16, 17). The majority of the samples were sequenced using a PCR/Sanger
high-throughput sequencing pipeline (18). Primer sequences are available
upon request. Thirteen samples [A/Bangkok/1/1979, A/Auckland/4382/
1982(mixed), A/Netherlands/233/1982, A/Leningrad/360/1986, A/Victoria/
1/1988, A/Oklahoma/5/1988, A/Beijing/353/1989, A/United Kingdom/261/
1991, A/Brisbane/8/1996, A/Netherlands/5/1998, A/Netherlands/301/1999,
A/Netherlands/009/2010, and A/Netherlands/034/2010] were sequenced by
M-RTPCR (16, 17), followed by sequence-independent single-primer ampli-
fication (SISPA) (19) and then combined next-generation sequencing using a
454/Roche GS-FLX instrument and an Illumina Genome Analyzer II instru-
ment.

Sequence preparation. Nucleotide sequences of 286 complete
A(H3N2) virus genomes (details on the segments can be found in Table S1
in the supplemental material) were aligned using the ClustalW program
running within the BioEdit software package, version 7.0.9.0 (20). Nucleo-
tides before the first start codon and after the last stop codon of each
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segment were removed. The sequences were manually edited and trans-
lated into amino acids by using BioEdit. Ambiguous amino acids were
assigned either a “B” (indicating aspartate or asparagine) or an “X” (indi-
cating any amino acid). The stop codons of the amino acid alignments of
PB1-F2 and PA-X were replaced by “X.” Both the nucleotide and amino
acid NSI alignments were C-terminally truncated to a length of 220
codons/amino acids (aa) due to stop codons at codons/aa 221 and 231 in
some of the NS1 sequences.

Phylogeny. We inferred maximum likelihood (ML) phylogenetic
trees by using the GTR+1'4 +1 (the general time-reversible model with the
proportion of invariant sites and the gamma distribution of among-site
rate variation with four categories estimated from the empirical data)
model of nucleotide substitution and the PhyML package, version 3.0
(21), performing a full heuristic search and subtree pruning and regrafting
(SPR) searches. Garli, version 0.951 (22), was used to perform 1 million
generations of the best nucleotide tree from PhyML to optimize tree to-
pology and branch lengths. The reliability of all phylogenetic groupings of
each tree was determined through a nonparametric bootstrap resampling
analysis with Garli: 1,000 replicates of ML trees were analyzed by applying
the GTR+1'4+1 model of nucleotide substitution. Detailed trees, includ-
ing bootstrap values, are shown in Fig. S1 in the supplemental material.
Trees were visualized through the FigTree program, version 1.3.1 (http:
//tree.bio.ed.ac.uk/software/figtree/).

Rates of amino acid evolution. To determine the ML-optimized best-
fit models of protein evolution, amino acid sequence alignments were
subjected to analysis by ProtTest (23) (see Table S2 in the supplemental
material). ML trees were inferred by applying the PhyML package, version
3.0 (21), in combination with the best-fit model of protein evolution
based on the Akaike information criterion (AIC), and performing a full
heuristic search and SPR searches.

For all A(H3N2) viruses, the genetic distance of each open reading
frame (ORF), HA1, or HA2 to A/Hong Kong/1/68 was calculated from the
phylogenetic tree and plotted as a function of time.

Detection of reassortment. TreeMap, version 1.0 (http://taxonomy
.zoology.gla.ac.uk/rod/treemap.html), was used to generate tanglegrams
with the phylogenetic ML trees.

Reassortment events were identified by the graph incompatibility-
based reassortment finder (GiRaF) program (24), as described previously
(15). Nucleotide alignments of the full segments were used as input for
MrBayes (25, 26). The best-fit models of nucleotide substitution were
determined using jModelTest (27). As input for the GiRaF program, 1,000
unrooted candidate trees were inferred by using the GTR+I'4+1 (PBI,
HA, and NP) or GTR+1'4 (PB2, PA, NA, M, and NS) substitution model,
a burn-in of 50% (100,000 iterations), and sampling every 200 iterations.
These trees were subsequently used to model the phylogenetic uncertainty
for each segment, using the GiRaF program with default settings. The
default confidence threshold was 0.7; for our data set, all events reported
by GiRaF had confidence levels of >0.83, with almost all falling above 0.9.
This procedure was repeated 50 times with 50 independent MrBayes tree
files per segment. Rather than looking at only one pair of segments, GiRaF
was applied to all 28 combinations of segments. This was done to more
comprehensively catalog reassortment events, making the analysis even
more stringent (24).

Estimation of nucleotide substitution rates and times of divergence.
Opverall rates of evolutionary change (number of nucleotide [nt] substitu-
tions per site per year) and times of circulation of the most recent com-
mon ancestor (MRCA) (in years) were estimated using the BEAST pro-
gram, version 1.7.0 (http://beast.bio.ed.ac.uk/) (28). For all analyses, the
uncorrelated log-normal relaxed molecular clock was used to accommo-
date variation in the molecular evolutionary rate among lineages, in com-
bination with the GTR+14+1 (PB1, HA, HA1, and NP), GTR+1'4 (PB2,
PB1-F2, PB1-N40, PA, PA-N155, PA-N182, HA2, NA, M, M2, NS, NS1,
and NEP), or GTR+1I (PA-X and M1) substitution model. Isolation dates
were used to calibrate the molecular clock. This analysis was conducted
using a time-aware linear Bayesian skyride coalescent tree prior (29) over
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FIG 1 ML trees of all segments of A(H3N2) viruses circulating between 1968 and 2011. The ML trees of PB2, PB1, PA, HA, NP, NA, M, and NS were generated
with 286 nucleotide sequences per segment. Scale bars roughly represent 5% of nucleotide substitutions between close relatives. The color coding of viruses is
based on the antigenic clusters of HA (13, 14) and is consistent between all trees. Trees were rooted on A/Hong Kong/1/1968.

the unknown tree space, relatively uninformative priors on all model pa-
rameters, and a normal prior on the mean skyride size (log units) of 11.0
(standard deviation [SD], 1.8) (30).

Sequences were grouped into the following 13 taxon sets based on the
antigenic clusters of HA (13, 14): HK68, EN72, V175, TX77, BK79, S187,
BE89, BE92, WU95, SY97, FU02, CA04, and PE09. Three independent
Bayesian Markov chain Monte Carlo (MCMC) analyses were performed
on all segments, coding regions, HA1, and HA2 for 50 million states, with
sampling every 2,000 states. Convergences and effective sample sizes of
the estimates were checked with Tracer, version 1.5 (http://tree.bio.ed.ac
.uk/software/tracer/). These analyses were combined with LogCombiner,
version 1.7.0, with a burn-in of 10 to 20% to reach full convergence.
Uncertainty in parameter estimates was reported as the 95% highest pos-
terior density (HPD). A Bayes factor test was employed to evaluate if the
times of circulation of the MRCAs of the gene segments of a given anti-
genic cluster were significantly different (10, 31-34) (see Table S3 in the
supplemental material).

Selection pressures. Selection pressures were measured for all codon
alignments in combination with the ML trees of each segment. To deter-
mine the degree of natural selection acting on all protein coding regions,
the average numbers of nonsynonymous (dN) and synonymous (dS) sub-
stitutions per codon (dN/dS ratio) were estimated for the entire tree, the
internal branches, and the external branches by using single-likelihood
ancestor counting (SLAC) (35).

Positively selected codons along internal branches were detected with
the internal fixed-effects likelihood (IFEL) method (36). Codons subject
to episodic diversifying selection were identified with the mixed-effects
model of evolution (MEME) method (37). Codons with P values of <0.05
were reported as positively selected codons.

Fast unconstrained Bayesian approximation (FUBAR) was used to
rapidly detect negative and positive selection by Bayesian MCMC analyses
to robustly account for parameter estimation errors (38). Codons with
posterior probabilities of =0.9 were reported as being either negatively or
positively selected.

Directional positive selection was detected using the directional evo-
lution in protein sequences (DEPS) test (39). For this procedure, the ML
trees were combined with the amino acid alignment. Residues with a
Bayes factor of >20 were reported as positively selected.

All methods were implemented in the HyPhy package (40), combined
with the best-fit model of nucleotide substitution or, in the case of the
DEPS test, the best-fit model of protein evolution (see Table S2 in the

2846 jviasm.org

supplemental material) based on the AIC. The FUBAR analyses were ac-
cessed through the Datamonkey webserver (41, 42).

Because of overlapping ORFs in the PB1, PA, M, and NS segments,
these analyses were restricted to the nonoverlapping ORFs of PB1, PA,
M1, M2, NS1, and NEP. The dN/dS ratios for PB1-F2 and PA-X were
biased by the +1 ORF from PB1 or PA and were therefore excluded in the
SLAC, IFEL, MEME, and FUBAR analyses.

Nucleotide sequence accession numbers. Nucleotide sequences pre-
sented in this study are available from GenBank under the following ac-
cession numbers: CY012104 to CYO012111, CY031812, CY033638,
CY033639, CY033641 to CY033645, CY034108, CY034109, CY034111 to
CY034115, CY035025, CY035027, CY039093, CY039094, CY077825,
CY112233 to CY112318, CY112320 to CY112368, CY112396 to
CY112411, CY112420 to CY112564, CY112566 to CY112630, CY112632
to CY112972, CY112981 to CY113004, CY113013 to CY113028,
CY113037 to CY113109, CY113111 to CY113476, CY113485 to
CY113820, CY113829 to CY114348, CY114357 to CY114516, CY116573
to CY116575,CY116587 to CY116591, CY116594, CY116596, CY116600,
CY121181, DQ508846 to DQ508850, DQ508852, DQ508853, GQ293081,
GQ293082, EU283414, EU597800 to EU597805, GQ293081, GQ293082,
HQ166049 to HQ166056, and KC296462 to KC296481. Sequences for
PB2, PB1, PA, NP, M, and NS of A/Perth/16/2009 are available from the
Global Initiative on Sharing Avian Influenza Data (GiSAID) database un-
der accession numbers EP1272741 to EP1272746.

RESULTS

Data set background. To study the genotype in relation to the
antigenic phenotype throughout the period of circulation of hu-
man A(H3N2) influenza viruses, we used a data set comprising
286 full genomes of viruses sampled between 1968 and 2011. The
antigenic phenotype of each of these viruses was previously deter-
mined, and this data set represents all 13 antigenic clusters of
viruses (13, 14). Thus far, only the HA1 and NA sequences of these
viruses have been studied (13, 15). To extend these studies to the
full genome, 284 isolates were sequenced. Sequences of two vac-
cine/reference strains were obtained from GenBank. Deduced
amino acid sequences were aligned, together with the sequences of
the two vaccine/reference strains (see Fig. S2 in the supplemental
material).
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Genomic evolution. ML trees were inferred to study the nu-
cleotide evolution of all segments (Fig. 1). The ML trees of each
segment were color coded based on antigenic clusters (13, 14). All
trees displayed a similar topological structure with a typical lad-
der-like gradual evolution, with rapid replacement of old viruses
by newer ones. For the PB2, PA, NP, and NA segments, the early
(1968 to 1970) HK68-like viruses were separated from the late
(1970 to 1972) HK68-like viruses by a long branch. This was most
likely due to cocirculation and reassortment with A(H2N2) vi-
ruses in 1969 to 1971 (8).

For all segments, the viruses on the trunk were the ancestors of
all variants in future years. However, in some cases, viruses be-
longing to an antigenic cluster were not seeded by the viruses from
the antigenic cluster preceding it. For example, the two TX77-like
viruses (1976 to 1977) were seeded by the previously circulating
EN72-like (1972 to 1975) viruses rather than by the VI75-like
viruses. This was more prominent for the BE89-like, BE92-like,
and WU95-like viruses circulating between 1992 and 1998. There
were, however, differences in the origins of the different segments.
In the PB2, PA, HA, NP, M, and NS trees, the SI87-like viruses
were the progenitors of the BE92-like viruses instead of the BE89-
like viruses. As a result, the BE89-like viruses clustered away from
the trunk in an evolutionarily terminal clade. In contrast, in the
PB1 and NA trees, the BE89-like viruses were the progenitors of
the BE92-like viruses.

By applying the antigenic cluster colors for HA (13, 14) to all
trees of the individual segments, it became clear that the topolo-
gies, although similar, were not identical to the clustering ob-
served for HA. These observations strongly suggest frequent reas-
sortment between segments.

Reassortment of A(H3N2) viruses. To investigate reassort-
ment over the entire genome, a combined approach of tangle-
grams and GiRaF analyses (15, 24) was applied (Table 1 and Fig. 2;
see Table S$4 in the supplemental material). In short, tanglegrams
were made to enable visualization of the locations of particular
isolates within the HA tree and each of the trees of the other seg-
ments. In the absence of reassortment, the twines should connect
both trees, in theory, in a seamlessly horizontal way. This was the
case for some of the isolates used in this study, but not for all, thus
suggesting reassortment between the segments. To explore
whether these were indeed reassortment events, multiple trees per
segment were analyzed for incompatible splits in each tree pair by
using the GiRaF program. We performed 50 independent GiRaF
analyses on 50 independent MrBayes runs per segment. Reassort-
ment events found in =50% of the 50 independent GiRaF runs are
indicated in Table 1. The 50% cutoff was chosen arbitrarily. The
events found in 100% of the 50 independent GiRaF runs and that
included the HA segment are indicated with asterisks in Table 1
and depicted on the tanglegrams as bold twines in Fig. 2. Numbers
in Fig. 2 correspond to the numbers in Table 1.

Reassortment events during circulation of the HK68-like,
V175-like, BK79-like, BE92-like, WU95-like, SY97-like, FU02-
like, CA04-like, and PE09-like viruses were identified by GiRaF
analysis, although most did not persist over time. Reassortment
was found for all eight segments, although the frequency of reas-
sortment of the individual segments varied. The majority of these
reassortment events occurred between viruses from one antigenic
cluster (Table 1, events 1 to 14, 35 to 47, 51 to 54, 56, and 57),
whereas between 1992 and 1997, reassortment events comprised
viruses from multiple antigenic clusters, i.e., BE92-like and
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WU95-like viruses (events 19 to 34). Apart from nonpersistent
reassortment events, several persistent reassortment events were
established during the circulation of BE92-like (events 15 to 18),
WU95-like (events 48 to 50), FU02-like (event 55), and CA04-like
(events 58 and 59) viruses. No support for reassortment was found
during circulation of the EN72-like, SI87-like, and BE89-like vi-
ruses. It should be noted that reassortment between highly similar
sequences is likely to be missed. Similarly, discordance in phylog-
enies due to high similarity of some sequences can result in an
under- or overestimation of reassortment events.

We investigated whether the timing of persistent reassortment
coincided with antigenic cluster transitions. From our GiRaF
analysis, the only cluster transition that was linked to a persistent
reassortment event was the SY97-to-FU02 antigenic cluster tran-
sition (event 55) (Fig. 2 and Table 1). Persistent reassortment
events during circulation of BE92-like viruses were detected in late
1992, while the first BE92-like viruses were isolated in the begin-
ning of 1992. The first WU95-like viruses were isolated in 1993,
while the persistent reassortment events were not detected until
late 1995. Similarly, persistent reassortment events for CA04-like
viruses were only detected in 2005.

In agreement with the GiRaF results, visual inspection of the
tanglegrams revealed that the early viruses (and their ancestors) of
each antigenic cluster were similarly positioned in each of the ML
trees, with an exception for the reported reassortment event of
SY95-FU02.

Time of circulation of the MRCA of each antigenic cluster.
We further studied reassortment in correlation with antigenic
change in HA by estimating the time of circulation of the MRCA
of each segment for viruses from each antigenic cluster (Fig. 3).
For the HA segment, the time of circulation of the MRCA roughly
corresponds to the sample date of the first isolated virus of each
antigenic cluster.

At the onset of the 1968 H3N2 influenza pandemic, the PB1
and HA segments were newly acquired through reassortment (5,
43-45). Similarly, our BEAST analyses showed that the MRCA of
the HA and PB1 segments circulated at the onset of the 1968 H3N2
influenza pandemic. The MRCA of the PA segment circulated 2
years before this time, most likely because PA was introduced
from the A(H2N?2) virus lineage that circulated at that time.

The MRCA of each segment of the EN72-like viruses origi-
nated in 1972, with the onset of the antigenic cluster. This was
indicative of a genomewide selective sweep (Fig. 3). GiRaF found
no support for reassortment during circulation of EN72-like vi-
ruses (Fig. 2 and Table 1).

During circulation of the VI75-like viruses, the MRCA of the
HA and M segments originated in 1975, while the other segments
had MRCAs that circulated in 1973 and 1974 (Fig. 3). This signi-
fies a selective sweep for the HA and M segments, while the genetic
diversity of the other segments was likely maintained by reassort-
ment.

Strikingly, the EN72-like viruses, not the VI75-like viruses,
seeded the TX77-like viruses (Fig. 1). Neither GiRaF nor the time
of circulation of the MRCAs gave an indication of reassortment
for TX77-like viruses; however, the data set used comprised only
two TX77-like viruses. The transition to BK79-like viruses coin-
cided with a genomewide selective sweep (Fig. 3).

Little information was available on the A(H3N2) viruses circu-
lating between 1987 and 1992 (SI87-like viruses). The MRCA of
the HA segment of SI87-like viruses circulated around 1986 to
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TABLE 1 Reassortment events between segments of A(H3N2) viruses circulating between 1968 and 2011, analyzed with GiRaF”

Segment(s) involved?

Yr of
Event” %° isolation Cluster Virus 1 Virus 2
1 72 1968 HK68 (HA), PB2 NS
2 68 1970 HK68 HA, PB2 PA
3 56 1977 V175 HA, (PA) M, (NA)
4 74 1982 BK79 NA NS
5% 100 1992-1993 BE92 HA, M, NP, PA PB2
6 90 1993 BE92 NA, (NS), PB1 NP
7 88 1993 BE92 HA, NS, PB2 PA
8 78 1993 BE92 HA PA
9 78 1993 BE92 HA, PA, PB2 NA
10 56 1994-1996 BE92 HA M, PA
11* 100 1994, 1996 BE92 HA, PA, PB2 NP
12 98 1995 BE92 (M), NS PB2
13 68 1995 BE92 HA, NA M, (NP)
14* 100 1996 BE92 HA M, NP, PB1, PB2
15* 100 1992-2011 BE92-end HA, M, NP NA, PB1
16* 100 1992-2011 BE92-end HA, NP, NS NA
17 84 1993-2011 BE92-end HA, M, NP PB1
18* 100 1994-2011 BE92-end HA M
19 90 1992-1997 BE92/WU95 HA, NP, PA PB1
20* 100 1993 BE92/WU95 HA, M, NP NS, (PB2)
21% 100 1993 BE92/WU95 HA, (PB2) (NA), NP, (PA)
22* 100 1993-1994 BE92/WU95 HA, M, NP PA
23* 100 1993-1994 BE92/WU95 HA, NS, PB2 NA
24* 100 1993-1994 BE92/WU95 HA, NS, PB2 NA
25 54 1993-1994 BE92/WU95 HA, NS, PB2 PB1
26 86 1993-1996 BE92/WU95 NA, PA, PB1 NP
27 84 1993-1996 BE92/WU95 NP (NS), (PB1), PB2
28 72 1993-1996 BE92/WU95 HA, NS, PB2 NP
29* 100 1993-1997 BE92/WU95 HA, M, NP PB2
30 100 1993-1997 BE92/WU95 HA, M, NP PB2
31 92 1994-1997 BE92/WU95 M, NS, PA PB2
32* 100 1995-1996 BE92/WU95 (HA), M, NA, PA, PB1, PB2 NP
33% 100 1995-1996 BE92/WU95 HA, NS, PB1 M, NP, PB2
34* 100 1995-1997 BE92/WU95 HA, M, NS, PA PB2
35 100 1993 WU95
36 96 1995 WU95 HA,M NP, PB1, PB2
37* 100 1995-1996 WU95 M, NP, (PA) NA, NS
38 98 1996 WU95 HA, (NA) M, NP, PA
39 50 1996 WU95 HA (M), NP, PA
40* 100 1996-1997 WU95 M PB1
41 100 1996-1997 WU95 NA, PB1 (NP), M, (PA)
42* 100 1997 WU95 (HA), PA, PB2 M, NA, NP, PB1
43* 100 1997 WU95 (HA), M, (NA), NP, PB2 PA
44* 100 1997 WU95 HA, (M) NP, (PB1)
45 100 1997-1998 WU95 M, NP, PA PB2
46* 100 1997-1998 WU95 HA, PB2 NA, NP, PB1
47* 100 1998 WU95 HA, (M) (NA), NP, PA
48 100 1995-2011 WU95-end M, NA PB1
49 72 1996-2011 WU95-end (HA) (PA), (PB1)
50 68 1996-2011 WU95-end NA, PB1, PB2 PA
51* 100 1999 SY97 HA NA
52 54 2001 SY97 (M), NP PB2
53 76 2000-2001 SY97
54* 100 2003 FU02 HA M, NA, NP, NS, PA, PB1, PB2
55% 100 2002-2011 FU02-end HA M, NP, PA, PB1
56 90 2005 CA04 HA NP
57* 100 2006 CA04 HA, PA M, PB1
58* 100 2005-2011 CA04-end HA, PB2 M, PB1
59 100 2007-2011 CA04-end M, PB1 (NA), (NP), PB2

“ Persistent reassortment events are shown in bold. Details on isolates involved in the reassortment events can be found in Table S4 in the supplemental material. *, events with a
support level of 100% and involving HA are depicted as bold twines in the tanglegrams (Fig. 2).

b Event numbering corresponds to that in Fig. 2.

¢ Percentage of reassortment events observed in 50 independent GiRaF analyses of 50 independent MrBayes runs per segment.

4 Involved segments with a support level of =75% of the runs are indicated in parentheses.
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FIG 2 Reassortment events between segments of A(H3N2) viruses circulating between 1968 and 2011. Tanglegrams are displayed with the ML HA tree on the
left side and the mirrored trees of PB2 (A), PBI (B), PA (C), NP (D), NA (E), M (F), and NS (G) on the right side. Twines between both trees are color coded
according to the antigenic clusters of HA (see the legend to Fig. 1). GiRaF was used to detect reassortment events between all segments. Reassortment events with
a support of 100% between HA and any other segment are depicted as bold twines, and numbers correspond to reassortment events in Table 1. The arrows
indicate the introduction of new segments by reassortment into the population that persisted until the last sampled isolate.

1987, while the NA, M, and NS segments had MRCAs that circu-
lated before that time (1984), indicative of reassorted NA, M, and
NS segments.

In agreement with previous studies (46, 47), there was evidence
for reassortment between BE89- and BE92-like viruses. The PB2,
PB1, PA, NA, M, and NS segments of the BE92-like viruses shared
roughly the same times of their MRCAs as those of the BE89-like
viruses, indicating that these segments originated from BE89-like
viruses through reassortment. This is in contrast to the HA seg-
ment, which underwent a selective sweep (Fig. 3).

For the WU95-like viruses, the times of MRCAs of the PB2, PA,
M, and NS segments remained the same as those of the BE89-like
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viruses, also indicative of reassortment, while the PB1, HA, and
NA segments underwent a selective sweep (Fig. 3). Three persis-
tent reassortment events were reported by GiRaF, all involving the
HA segment. GiRaF analyses further suggested that reassortment
events of A(H3N2) viruses occurred particularly frequently dur-
ing the circulation of BE92- and WU95-like viruses (Fig. 2 and
Table 1). The increase in reassortment rates during the circulation
of the BE89-like, BE92-like, and WU95-like viruses could be ex-
plained partially by cocirculation: BE89-like viruses circulated
from mid-1989 until early 1993, BE92-like viruses circulated from
late 1991 until late 1996, and WU95-like viruses circulated from
early 1993 until early 1998.
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FIG 3 Time of circulation of the MRCA of A(H3N2) viruses of each antigenic cluster. The time of circulation of the MRCA of each genomic segment is shown.
The values shown represent the means (spheres) and 95% highest posterior density intervals (error bars) for the times of circulation of the MRCAs estimated
across trees sampled using Bayesian MCMC analyses. Dashed lines show the date of the first sampled isolate of each antigenic cluster. Arrows show the time span
from the first sampled isolate until the last sampled isolate of the data set for each antigenic cluster. Asterisks represent two data points on top of each other (i.e.,
BE89/WU95 and SY97/FU02). Color coding was done according to the antigenic clusters of HA (see the legend to Fig. 1).

The SY97-like-to-FUO02-like virus antigenic cluster transition
has been well described and coincided with reassortment (10, 48).
Our BEAST analyses showed an MRCA of the HA segment that
circulated around 2002, while the other segments had MRCAs
that circulated before that time (1998 to 1999) (Fig. 3). This is
indicative of a selective sweep for the HA segment, while the ge-
netic diversity of the other segments was retained. Next to one
nonpersistent reassortment event, GiRaF found a persistent reas-
sortment event involving the HA segment of a different virus lin-
eage compared to that of the PB1, PA, NP, and M segments. More-
over, a large genetic distance was seen between SY97-like and
FUO02-like viruses, which was represented by a long branch sepa-
rating the two clades in the HA ML tree, and this is in line with a
previous study (49).

The transition of FU02-like to CA04-like viruses coincided
with a selective sweep for the PB2, HA, NA, and NS segments
according to the BEAST analyses. GiRaF provided evidence of two
persistent reassortment events, in which the PB1 and M segments
were derived from a virus lineage different from that of the PB2
segment. The PB2 and NS segments have an MRCA that circulated
before the MRCA of HA for the PE09-like viruses, suggesting re-
assortment of the PB2 and NS segments and a selective sweep of
the HA segment.

Nucleotide substitution rates of all A(H3N2) open reading
frames. Rates of nucleotide substitution (number of nt substitu-
tions/site/year) for all segments, and the proteins they encode,
were estimated using BEAST (Table 2). The PB2, HA, NP, and NA
segments each encode single proteins: PB2, HA, NP, and NA. The
PB1 segment encodes three proteins: PB1; an N-terminally trun-
cated version of PB1 starting at codon 40 (PB1-N40) (50); and
PBl-frame 2 (PB1-F2), expressed through an alternative ORF
(51). The PA segment encodes four proteins: PA; PA-X, through a
second ORF accessed via ribosomal frameshifting (52); and two
N-terminally truncated versions of PA, i.e., PA-N155 and PA-
N182 (53). The M and NS segments each individually encode
proteins from the colinear transcript: M1 and NS1. Additionally,
they encode a second protein through mRNA splicing: M2 and
NS2, known as the nuclear export protein (NEP) (54). The HA
protein is composed of two subunits that are cleaved by host pro-
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teases from their precursor, HAO (57): HA1, which is the immu-
nogenic section of the HA protein (55, 56), and HA2.

The mean rates of nucleotide substitution of the individual
segments varied from 2.07 X 107> t03.99 X 10~ nt substitutions/

TABLE 2 Mean rates of substitution for all segments and coding regions
of A(H3N2) viruses circulating between 1968 and 2011

Mean rate of substitution
(1072 substitutions/site/yr)

Nucleotide”
95% HPD

Segment Region Mean Lower Upper Amino acid®
PB2 Full 2.41 2.17 2.67 1.4
PB1 Full 2.54 2.31 2.78 0.8

PB1-N40 2.54 2.30 2.78 0.8

PBI-F2 3.67 2.81 4.58 9.5
PA Full 2.28 2.05 2.52 1.8

PA-N155 2.39 2.12 2.68 1.1

PA-N182 2.41 2.12 2.71 1.2

PA-X 1.58 0.98 2.20 1.6
HA HAO0 3.99 3.63 4.38 10.8

HA1 4.84 4.32 5.38 14.9

HA2 3.12 2.63 3.64 1.4
NP Full 2.51 2.21 2.82 2.9
NA Full 3.27 2.93 3.63 9.1
M Full 2.07 1.75 2.40

Ml 1.88 1.55 2.22 0.9

M2 2.63 1.94 3.33 1.4
NS Full 2.49 2.13 2.85

NS1 2.48 2.10 2.88 2.2

NEP 2.32 1.79 2.86 0.5

“ The mean rate of nucleotide substitution per site per year was estimated using BEAST.
b Genetic distance to A/Hong Kong/1/1968 was calculated from the phylogenetic tree
and was plotted as a function of time. The mean rate of amino acid substitution per site
per year was inferred from the linear slope (Fig. 4).
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FIG 4 Rates of amino acid evolution of all segments and ORFs of A(H3N2) viruses. Phylogenetic trees were generated with 286 amino acid sequences for PB2,
PB1, PB1-N40, PB1-F2, PA, PA-N155, PA-N182, PA-X, HAO, HA1, HA2, NP, NA, M1, M2, NS1, and NEP. For all A(H3N2) viruses, the amino acid distance of
each ORF to A/Hong Kong/1/68 was calculated from the phylogenetic tree and was plotted as a function of time. The color coding of viruses is based on the
antigenic clusters of HA and is consistent between all plots (see the legend to Fig. 1). Note that the vertical axes differ between proteins with lower rates of amino
acid substitution (four upper rows) and proteins with higher rates of amino acid substitution (two bottom rows).

site/year, with the highest rates of nucleotide substitution for the
major glycoproteins HA and NA and the lowest rate for the M
segment. Multiple ORFs carried by the same segment showed dif-
ferent rates of nucleotide substitution. The PB1 segment and the
PB1-N40 ORF shared the same rate (2.54 X 10> nt substitutions/
site/year), in contrast to PB1-F2, which showed a rate comparable
to those of the HA and NA segments (3.67 X 10~ nt substitu-
tions/site/year). PA-X displayed a much lower rate (1.58 X 10>
nt substitutions/site/year) than that of the PA segment (2.28 X
107 nt substitutions/site/year). Both PA-N155 and PA-N182 had
arate comparable to that of the PA segment. Upon comparing the
two HA subunits, we noted that HA1 displayed a higher rate than
HA2 (4.84 X 1077 and 3.12 X 107> nt substitutions/site/year).
Amino acid substitution rates of all A(H3N2) proteins.
Linear regression plots for the year of sampling versus amino
acid distance to A/Hong Kong/1/1968 in the ML tree were gener-
ated (Fig. 4), and the rates of amino acid substitution were esti-
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mated based on the slopes (number of aa substitutions/site/year)
(Table 2). The HA1 subunit showed the highest rate of amino acid
substitution, whereas the rate for the HA2 subunit was much
lower (14.9 X 10™? compared to 1.4 X 10~ aa substitutions/site/
year). This was likely due to the fact that HA1 is the major immu-
nogenic region of HA (55, 56). PB1-F2 and NA also displayed high
rates of amino acid substitution: 9.5 X 107> and 9.1 X 10~ aa
substitutions/site/year. For all other proteins, rates of amino acid
substitution were at least three times lower. Although the differ-
ences were minimal, PA had the highest rate of amino acid substi-
tutions of the polymerase complex proteins. Of the M proteins,
M2 displayed a higher rate of amino acid substitution than M1
(1.4 X 1077 and 0.9 X 10~ aa substitutions/site/year). The dif-
ference between the NS proteins was even larger, with a much
higher rate of amino acid substitution for NS1 than for NEP
(2.2 X 107% and 0.5 X 1072 aa substitutions/site/year, respec-
tively). The recently discovered PB1-N40, PA-X, PA-N155, and
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TABLE 3 Selection pressures and positively and negatively selected codons of all coding regions of A(H3N2) viruses circulating between 1968 and

2011

dN/dS* No. of selected sites (% of codons)
Coding No. of Positively selected Negatively selected
region codons Overall Internal External Internal/external FUBAR’ MEME* DEPS? (FUBAR)”
PB2 759 0.077 0.063 0.088 0.716 1 0 2 628 (83)
PB1 666 0.075 0.058 0.086 0.674 0 1 0 459 (69)
PB1-N40 635 0.074 0.059 0.084 0.702 0 1 0 431 (68)
PB1-F2/ ND ND ND ND ND ND ND 2 ND
PA 654 0.085 0.070 0.095 0.737 0 1 435 (67)
PA-N155 500 0.094 0.084 0.100 0.840 0 3 1 327 (65)
PA-N182 473 0.097 0.090 0.102 0.882 0 3 1 306 (65)
PA-X/ ND ND ND ND ND ND ND 0 ND
HAO 566 0.341 0.301 0.370 0.814 10 13 17 274 (48)
HA1 329 0.466 0.406 0.515 0.788 10 12 15 149 (45)
HA2 221 0.123 0.093 0.142 0.655 0 0 1 120 (54)
NP 498 0.098 0.109 0.091 1.198 0 1 0 315 (63)
NA 469 0.292 0.311 0.277 1.123 2 6 11 233 (50)
M1 229 0.058 0.078 0.043 1.814 0 1 0 132 (58)
M2 73 0.391 0.264 0.481 0.549 0 0 0 7 (10)
NS1 157 0.352 0.350 0.353 0.992 0 1 3 33 (21)
NEP 40 0.074 0.055 0.087 0.632 0 0 0 11 (28)
@ Calculated by SLAC.

b Posterior probability of =0.9.
€ P value of <0.05.
“ Bayes factor of >20.

¢ Information on the specific positively selected residues and their functions can be found in Table S5 in the supplemental material.
ND, coding regions of PB1-F2 and PA-X were excluded from the codon-based analyses (SLAC, FUBAR, and MEME).

PA-N182 proteins all showed low rates of amino acid substitution
(0.8 X 1077 to 1.2 X 107 aa substitutions/site/year).

Most plots illustrated a linear trend, reflecting a constant rate
of amino acid substitutions over time. For the HK68-like viruses,
a sudden increase in genetic distance to A/Hong Kong/1/1968 for
PB2, PA, NP, and, NA was seen, reflecting the long branches also
observed in the nucleotide ML trees. Such an increase was also
observed for PA at the transition of the BK79-like to SI87-like
viruses. For NP, some of the BE89-like, BE92-like, and WU95-like
viruses showed a linear trend; however, there was also a large
group of BE89-like, BE92-like, and WU95-like viruses that did not
accumulate amino acid mutations and shared the same amino
acid distance to A/Hong Kong/1/1968. In the NP nucleotide ML
tree, these groups reflect two clades, and the viruses that accumu-
late amino acid mutations are the ancestors of the SY97-like vi-
ruses. The M1, M2, NEP, and PA-X proteins did not accumulate
amino acid mutations in a constant manner. For NS1, the rate of
amino acid substitution decelerated after 1991. This was roughly
around the same time that the NS1 gene acquired a stop codon at
position 231, resulting in a C-terminally truncated NS1 protein.
This premature stop codon, observed in 218 (76%) NSI1 se-
quences, first appeared at the end of 1971 and became fully fixed in
late 1991 (see Table S1 in the supplemental material). In addition,
two Dutch viruses circulating in 1970 harbored a stop codon at
position 221 of NS1, but this stop codon did not become fixed.
Premature stop codons were also observed in the PB1-F2 amino
acid alignments. Twenty-four (8%) of the PB1-F2 sequences con-
tained an additional stop codon, at position 9, 12, 26, 35, 58, 64,
80, or 88. Of the C-terminally truncated proteins, 19 (7%) were
more than 78 codons long and still functional (58, 59). However,
none of these stop codons became fixed over time. One PA-X
sequence contained a stop codon at position 42.

2852 jviasm.org

Selection pressures. The degree of natural selection acting on
all ORFs was estimated by calculating the overall dN/dS and the
mean dN/dS for the internal and external branches, as estimated
using SLAC (35) (Table 3).

The membrane proteins HA, NA, M2, and NS1 showed rela-
tively high overall dN/dS values (0.341, 0.292, 0.391, and 0.352,
respectively) compared to those of the other proteins, which
ranged from 0.058 to 0.098. As expected, the HA1 subunit re-
vealed a relatively higher overall dN/dS than that of HA2 (0.466 for
HAT1 and 0.123 for HA2). The PB1-N40, PA-N155, and PA-N182
proteins had relatively low overall dN/dS values that were compa-
rable to those of the full PB1 and PA ORFs.

Comparing the mean internal and mean external dN/dS values
provides a ratio (internal dN/dS to external dN/dS) that gives an
indication of whether there is an excess of nonsynonymous mu-
tations that are eventually removed from the virus population by
purifying selection (ratio of <1) or kept in the population by
positive selection (ratio of >1). The full and N-terminally trun-
cated polymerases, HA, M2, and NEP, showed ratios of <1, indic-
ative of purifying selection. NS1 had comparable external and
internal dN/dS values. The NP, NA, and M1 proteins showed ra-
tios that were >1, suggestive of positive selection.

Detection of positive and negative selection by FUBAR. Neg-
atively and positively selected codons were estimated by the
FUBAR method, which detects pervasive diversifying or purifying
selection by Bayesian MCMC analyses (36) (Table 3; see Table S5
in the supplemental material). All ORFs contained an abundance
of negatively selected codons. For PB1, PA, and NP, 63 to 69% of
the codons were negatively selected. This percentage was higher
for PB2 (83%) and slightly lower for HA, NA, and M1 (48%, 50%,
and 58%, respectively). M2, NS1, and NEP contained the lowest
percentages of negatively selected codons (10%, 21%, and 28%,
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respectively). Positive selection was found only for PB2, HA, and
NA. All eight positively selected codons of HA were located within
antigenic sites (55, 56). Two codons within NA were positively
selected: codon 267, which is not surface exposed, and a codon in
antigenic site C (60) (codon 370).

Detection of positive and negative selection by MEME.
MEME was used to identify not only fixed but also more sporadic
positively selected codons (37) (Table 3; see Table S5 in the sup-
plemental material). MEME found positively selected codons in
PB1, PA, HA, NP, NA, M1, and NS1. Four codons were selected in
PA, among which one (codon 87) is located in the endonuclease
activity region (61). The other three (codons 278, 487, and 550)
are located in the region involved in PB1 binding (61). Of the 13
codons that were selected in HA, 12 were selected in HA1 and
almost solely located within antigenic sites (55, 56). One codon
was selected in NP (codon 54). In NA, six codons were selected,
among which three are located in antigenic sites (60) (codons 199,
338, and 401). MEME identified codon 166 of M1, which is lo-
cated in the C-terminal domain (61), and codon 65 of NS1.

Directional positive selection. Directional positive selection
was detected with the DEPS program, which helps in detecting
selective sweeps (39) (Table 3; see Table S5 in the supplemental
material). DEPS identified codons in PB2, PB1-F2, PA, HA, NA,
and NS1. In the PB2 segment, codon 553, involved in cap binding
(62, 63) and located in the RNA binding domain (61), and codon
679, interacting with PB1 (62, 63) and located in the importin
binding domain (61), were positively selected. Both codons inter-
act with NP (62, 63). In PB1-F2, codons 23 and 90 were positively
selected. Codon 311, associated with PB1 binding (61), was posi-
tively selected in PA. There were 17 positively selected codons in
HA, of which 15 were located in HA1. Twelve of the codons in
HAT1 are located in antigenic sites (55, 56). The positively selected
codon in HA2 (codon 538) is located in the transmembrane an-
chor domain. Eleven positively selected codons were found in NA:
three in the stalk region (codons 46, 52, and 56) and eight in the
globular head, of which three are located within antigenic site C
(60) (codons 328, 334, and 370). NS1 had three codons that were
positively selected (codons 56, 84, and 129). In addition to
FUBAR, MEME, and DEPS analyses, the data sets were analyzed
with IFEL (see Table S5). IFEL detects negatively and positively
selected codons along internal branches (36).

DISCUSSION

In this study, the relationship of genetic evolution to antigenic
change spanning the entire period of A(H3N2) virus circulation
was studied for the first time. We analyzed 286 full genomes scat-
tered over 43 years of A(H3N2) virus evolution. The antigenic
evolution based on hemagglutination inhibition data has been
studied extensively for these viruses (13, 14). These antigenic
properties were used as a basis for looking at genomic evolution
and reassortment patterns of the whole genome between viruses
belonging to the same antigenic cluster as well as between viruses
belonging to different antigenic clusters.

The general topologies of the ML trees were similar for each
segment, displaying the typical ladder-like gradual evolution pre-
viously described for HA1 (64). However, differences could be
seen in reassortment patterns, clustering of viruses, evolutionary
rates, and MRCAs upon comparison of their phylogenies. An
asynchronous and slightly slower evolution of NA than of HA was
observed, which is consistent with previous studies (15). In com-
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paring HA with PB2, PB1, PA, NP, M, and NS, even larger differ-
ences were seen in the rate of nucleotide evolution.

Intrasubtypic reassortment of the eight segments of human
A(H3N2) viruses has been studied for New York State viruses
circulating between 1999 and 2004 (48), 1992 and 2005 (10), and
1997 and 2005 (9) and for German isolates sampled between 1998
and 2005 (65). The studies showed that the evolution of the
A(H3N2) virus was not so much determined by adaptive pro-
cesses (9) but was shaped by frequent reassortment (9, 10, 48, 65),
cocirculation (9, 48) and persistence (10, 48) of clades, virus
migration (9), and selective sweeps (10). The data sets of these
studies contain data mostly for recent A(H3N2) viruses, and stud-
ies that included earlier isolates are sparse. Reassortment of early
A(H3N2) viruses and A(H2N2) viruses circulating between 1957
and 1972 was investigated, providing evidence of cocirculation of
A(H2N2) and A(H3N2) viruses (8), but no full genome studies on
A(H3N2) viruses circulating between 1972 and 1992 have been
published. The data set used in the present study contains isolates,
mostly of European origin, sampled from each consecutive season
between 1968 and 2011 whose antigenic properties were deter-
mined previously (13, 14). Although North America and Europe
are both in the Northern Hemisphere and therefore use the same
vaccine composition, the viruses between these regions could still
potentially evolve independently. Consequently, this data set may
not be comparable to the American data sets, nor does it represent
the A(H3N2) virus worldwide. However, this data set does offer
the opportunity to study reassortment in relation to antigenic
change spanning the entire period of A(H3N2) virus circulation.

A combined approach of tanglegrams color coded by antigenic
cluster and GiRaF analysis (24) was applied to map reassortment
events. In addition, a methodology similar to that of Rambaut et
al. (10) was used, but now investigating the time of circulation of
the MRCA of each segment per antigenic cluster (13, 14). The
tanglegrams showed abundant clustering differences suggestive of
frequent reassortment over time. This was confirmed by GiRaF
analyses, which revealed reassortment events particularly during
the circulation of BE92-like and WU95-like viruses, in agreement
with our previous study (15). A lower incidence of reassortment
than that in our previous study was detected. This analysis was
more stringent because GiRaF was applied to all combinations of
segments rather than to HA and NA alone (24). Several reassort-
ment events persisted, mostly in more recent years, suggesting that
these reassortment events aided in increasing genetic diversity of
the virus to improve fitness or to evade population immunity.
However, most reassortment events were nonpersistent, indicat-
ing that reassortment is rarely beneficial enough to reach fixation.

Rates of nucleotide substitution estimated for A(H3N2) vi-
ruses were lower overall than rates previously reported by others
(9, 10). However, the previous data sets spanned shorter time
frames (1997 to 2005 and 1992 to 2005, respectively) and con-
tained viruses sampled from North America, whereas our data set
contained mostly European samples. Compared to a study of the
polymerases of A(H3N2) viruses isolated between 1968 and 1997
(66) or the HA proteins of A(H3N2) viruses isolated between 1968
and 1986 (67), rates of amino acid substitution reported here were
substantially higher. Estimated rates of amino acid substitution
for PB1 and PB1-F2 were comparable to those in a different study,
in which the authors describe a substantially elevated rate of
amino acid substitution for PB1-F2 compared to PB1 (68). How-
ever, in contrast to our results, they found only a slightly elevated
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rate of nucleotide substitution for PB1-F2 compared to PB1 (68).
The authors explained the increase in the rate of amino acid sub-
stitution in PB1-F2 via the frameshift relative to PB1 (68). A study
that investigated different influenza virus strains [including hu-
man A(H3N2) viruses] showed that genetic and functional diver-
sity of PB1-F2 is needed to support replication efficiency and vir-
ulence (69). Similar to PB1-F2, PA-X is located in the frame +1
relative to PA, but no increase of amino acid substitutions was
detected. The rate of nucleotide substitution of PA-X was the low-
est of all segments/ORFs. It was described for human influenza
viruses that there is an increase in nonsynonymous substitutions
in the PA ORF spanning the +1 PA-X ORF. This is indicative of
selective constraints in the PA-X protein and hence of functional
importance (70).

The PB1-F2 alignment revealed that 8% of all sequences exhib-
ited a stop codon, although none of these stop codons were fixed
over time. In NS1, 76% of all sequences acquired a stop codon at
position 231, which is a lower percentage than that found in other
studies (91%) (71). This stop codon started to appear at the end of
1971 and became fully fixed by late 1991, leaving the NSI protein
functional, since its N-terminal nuclear localization signal was
retained (59) and can still interact with one of the essential com-
ponents of the machinery for the 3’-end processing of cellular
pre-mRNAs (58).

M2, NS1, HA, and NA had the highest dN/dS values (0.391,
0.352, 0.341, and 0.292, respectively). M2, HA, and NA are the
surface glycoproteins and are thus accessible to antibodies, which
could partially explain the relatively higher overall dN/dS values
than those of the other proteins. Although it is surface exposed,
M2 was shown to be almost nonimmunogenic (72). Five amino
acid residues in the M2 ion channel have been linked to adaman-
tane resistance in A(H3N2) viruses (73, 74). Although not de-
tected as being positively selected for, there was a serine-to-aspar-
agine change in one of these amino acid residues (codon 31) that
was starting to appear in 2005 and became fixed in the population.
NS1 plays a role in evading the innate and adaptive immune re-
sponses (75-77), which may explain its relatively high dN/dS
value. The overall dN/dS results were in agreement with those of
previous studies (78, 79).

HA contained the largest number of positively selected codons
(29 codons), most prominently located in the HA1 subunit (26
codons), 22 of which are located in antigenic sites (55, 56). For
NA, 19 sites were positively selected, 7 of which are located within
antigenic sites (60). Both HA and NA are under antibody-medi-
ated selection (55, 80-82), and at least some of the positively se-
lected sites were likely due to immune evasion. It is likewise prob-
able that some of the mutations, while not directly needed for
evasion of the immune system, restore possible loss of viral fitness
due to mutations that cause antigenic change. Although it is not
surface exposed, PA has a large number of positively selected sites.
While little is known for most mutations in the polymerases, these
mutations in PA may possibly be responsible for fine-tuning rep-
lication. In contrast to the predominant humoral immune re-
sponse-related drift of HA and NA, drift in internal proteins such
as NP is linked to escape from cytotoxic T-lymphocyte immunity
(83-85). Codon 146 of NP was found to be positively selected and
has changed the T-cell epitope NP146-154 (TTYQRTRAL) (86)
with the T146A substitution, which was fully fixed in the popula-
tion in 2001.

There are several hypotheses to explain the mechanism that
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governs antigenic cluster transitions. One theory involves neutral
networks in which phenotypically neutral mutations occur in the
HA. Although these mutations do not have a direct impact on the
antigenic phenotype, they might allow for subsequent mutations
that do influence the antigenic properties of the virus (87). Other
studies showed that a new HA lineage was acquired at the time of
the SY97-to-FUO2 antigenic change (10, 48). Also according to
our GiRaF analysis, this cluster transition was linked to a persis-
tent reassortment event (event 55) (Fig. 2 and Table 1). Based on
our data set, there was no support for other persistent reassort-
ment events linked to any of the other antigenic cluster transi-
tions. Just recently, the molecular basis of antigenic drift was de-
termined for human A(H3N2) viruses. From 1968 to 2003,
antigenic change was caused mainly by single amino acid substi-
tutions at seven positions around the receptor binding site (88).
No clear correlation between antigenic cluster transition and pos-
itively selected codons in proteins other than HA was found. Some
positively selected codons in PB2 (codon 697), PB1-F2 (codon
90), PA (codons 277, 311, and 437), NP (codon 146), and NA
(codons 43, 46, 52, 56, 127, 199, 253, 267, 308, 328, 334, 338, 339,
370, 372, 401, and 437) were fixed (for a certain time) in the
population. Codon 146 in NP is located in a T-cell epitope (86),
and codons 199, 328, 334, 338, 339, 370, and 401 in NA are all
located within antigenic sites (60). Future functional studies that
investigate whether these mutations result in antigenic change due
to immune pressure or change functional compatibility with HA,
such as the HA-NA balance (89), will be interesting.

In summary, we have analyzed the evolutionary genetics of the
full genomes of A(H3N2) viruses isolated between 1968 and 2011
and compared it to the antigenic evolution of HA. Reassortment
of all eight segments occurred throughout almost the entire period
of influenza A(H3N2) virus circulation, although persistent reas-
sortment events were mostly found in recent years. Between 1987
and 1998, there was an increase in reassortment events, an in-
crease or decrease in accumulation of amino acid substitutions of
certain genes, and the acquisition of a stop codon in NS1. In ad-
dition, different antigenic lineages cocirculated during this time.
These findings imply that the viruses used multiple mechanisms
to increase virus diversity, presumably to improve fitness and/or
to evade the host immune responses. This collection of viruses,
together with the genetic and antigenic data, can now be used to
carefully study genotypic and phenotypic relationships through-
out the period of circulation of A(H3N2) viruses. To fully under-
stand the dynamics of A(H3N2) virus evolution, future research
of such extensive data sets should also focus on the functional and
antigenic properties of proteins other than HA, using serological
assays and antigenic cartography methods (90).
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